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MECHANTICAL PROPERTIES OF SOLID-SOLUTION AND CARBIDE-
STRENGTHENED ARC-MELTED TUNGSTEN ALLOYS*
by Peter L. Raffo and William D. Klopp

Lewis Research Center

SUMMARY.

The mechanical properties of several arc-melted tungsten alloys containing
rhenium, tantalum, columbium, hafnium and/or carbon were investigated in the
temperature range 2500° to 4000° F. Solid-solution strengthening in tungsten
alloys was most effective in tungsten-hafnium alloys and least effective in
tungsten-rhenium alloys. The strengths of ternary alloys could be adequately
represented as the sum of the individual strengthening effects found in the
binary alloys. Carbon additions to unalloyed tungsten produce a minimum in the
tensile-strength carbon-content curve. Carbon additions to tungsten-columbium,
tungsten-tantalum, tungsten-tantalum-rhenium, and tungsten-hafnium alloys
produced various degrees of strengthening with the largest effect found in the
tungsten-hafnium-~carbon alloys. The differences in strength between the various
carbide-strengthened alloys were a result of the differences in the carbide
particle size, where the finest particle size was observed in the tungsten-
hafnium-carbon alloys. The strongest alloy, tungsten - 0.20 atom percent
hafnium - 0.26 atom percent carbon, had a tensile strength of 62 500 pounds per
square inch at 3500° F in the as-swaged condition, and recrystallized only
after annealing for 4 hours at 4200° F.

The effectiveness of solid-solution strengthening could be correlated with
the difference in atom size between the solute and tungsten, with larger dif-
ferences promoting greater strengthening. Carbon additions to tungsten produced
a decrease in strength, probably as a result of an increase in the self-
diffusion rate of tungsten, as was noted previously by other investigators in
gamma iron.

INTRODUCTION

Tungsten appears to be one of the most important metallic materials being

*Portions of the data in this report were presented at the AIME Technical
Conference on Physical Metallurgy of Refractory Metals, French Lick, Indiana,
October 3-5, 1965.



considered for structural use in aerospace applications at temperatures above
2500° F. It has been shown previously by a number of investigators that the
high-temperature tensile and creep strengths of tungsten may be substantially
increased by alloying (refs. 1 to 6). Both solid-solution and dispersion
strengthening were found to be effective. In a previous study by the present
authors (ref. 1), it was shown that (1) the tensile and creep strengths of arc-
melted tungsten (W) at 2500° to 3500° F were increased in decreasing order of
effectiveness by hafnium (Hf), tantalum (Ta), columbium (Cb), and rhenium (Re),
and (2) additions of carbon (C) to a nominally W - 1 atom percent Cb alloy
resulted in a further increase in strength over that of the W-Cb binary alloy
due to stabilization of the cold-worked structure by carbide precipitates.

The present study was aimed at exploring the W-Hf system in more detail
and examining the properties of several ternary alloys containing the above-
mentioned alloy additions. The strengthening mechanisms associated with the
various alloying elements were studied. Also, additional studies on the effects
of carbon additions on the high-temperature strength were conducted. High-
temperature tensile tests in the temperature range 2500° to 4000° F and step-
load creep tests at 35000 F were performed on swaged and annealed rod from

these alloys.

EXPERIMENTAL PROCEDURE

The alloy systems studied fell into two groups: solid-solution-
strengthened alloys (W-Hf, W-Ta-Re, W-Ta-Hf, W-Re-Hf, and W-Cb-Hf) and carbide-
strengthened alloys (W-C, W-Cb-C, W-Ta-C, W-Ta-Re-C, and W-Hf-C). The composi-
tions are given in table I. The alloys were prepared by consumable arc melting
of pressed and sintered electrodes made from high-purity elemental tungsten and
alloy addition powders. The basic features of the arc-melting furnace are
described in reference 7. The majority of the alloys (indicated in table I)
were melted onto a tungsten pad bolted to a retractable-water-cocled stool. As
the ingot is formed, it is retracted so that melting occurs near the top of the
mold and consequently with a greater exposure to the vacuum than is the case
during deep-mold melting. The motions of the electrode and the stool were not
coupled, allowing independent control of the two components. The remaining
ingots were melted in the bottom of a deep, stationary mold which was progres-
sively filled as the electrode melted. The residual gas pressure at the molten
ingot top is several magnitudes higher with this technique compared with melt-
ing onto a retractable stool (ref. 8).

The alloys were fabricated into rod by extrusion and swaging, as indicated
in table IT. All the ingots were canned in molybdenum prior to extrusion. The
cans were prepared by powder-metallurgy techniques and then machined to give
a sliding fit with the billet. The cans were either 2 or 3 inches in diameter,
and had wall thicknesses of 1/4 or 3/8 inch, respectively. The included angle
on the nose of the can was 120°. The billets were induction heated in a hydro-
gen atmosphere and rapidly transferred to a conventional hydraulic press where
they were extruded at a reduction ratio of 6 or 8 through zirconia coated steel
dies. Total transfer extrusion time was less than 5 seconds in almost all
cases, resulting in very little heat loss from the billets.



TABLE I. - ARC-MELTED TUNGSTEN ALLOYS
Alloy Analyzed compositilon, Interstital contents, Ingot Ingot
atom percent wt ppm hardness|microstructure
(VHN)
Carbon| Nitrogen| Oxygen| 10-kg
(a) load (v)
Unalloyed tungsten
W-1 100 W | 4 | <5 I 2 351 SP
Tungs ten-carbon
Cc-1 0.12 C 78 8 S 414 TP
c-2 0.33 C 212 8 3 413 TP
Cc-3 0.93 C 668 <5 3 389 TP
Tungsten-columbium
CB-1 €2.25 Cb I I l —— SP
Tungsten-columbium-carbon
cc-1 €1.82 Cb - 0.005 C 3 <5 6 384 SP
cc-2 1.83 Cb - 0.008 C S 24 3 378 SP
CcC-3 0.51 Cb - 0.29 C 190 <5 2 411 TP
CC-4 0.44 Cb - 0.84 C 550 <5 3 408 TP
CC-5 0.75 Cb - 0.24 C 154 <5 11 419 TP
Tungsten-tantalum-carbon
TC-1 €1.32 Ta - 0.044 C 29 <5 2 397 TP
TC-2 €2.67 Ta - 0.04 C 26 <5 6 — TP
TC-3 0.43 Ta - 0.31 C 200 <5 2 385 TP
Tungsten-hafnium
HF-1 0.21 Hf 3 <5 2 362 SP
HF-2 0.80 Hf 6 32 4 402 SP
HF-3 1.70 Hf 7 48 2 376 SP
Tungsten-hafnium-carbon
HC-1 0.38 Hf - 0.015 C 10 <5 6 395 SP
HC-2 0.43 Hf - 0.07 C 46 <5 4 415 TP
HC-3 0.20 Hf - 0.26 C 171 10 <2 455 TP
Tungsten-tantalum-rhenium
TR-1 0.98 Ta - 2.54 Re 3 <5 3 350 SP
TR-2 0.99 Ta - 4.70 Re 3] <5 7 322 SP
TR-3 2.72 Ta - 2,56 Re 3 <5 3 389 SP
TR-4 2.80 Ta - 4.20 Re 4 6 3 354 SP
Tungsten-tantalum-rhenium-carbon
TRC-1]0.91 Ta - 2.53 Re - 0.005 C 3 <5 & 359 SP
TRC-2]1.00 Ta - 2.86 Re - 0.20 C 128 <5 7 365 TP
TRC-3}0.97 Ta - 2.62 Re ~ 0.92 C 600 6 7 ——— TP
Tungsten-tantalum-hafnium
TH-1 0.88 Ta - 0.31 Hf 4 <5 8 415 SP
TH-2 1.56 Ta - 0.40 Hf 2 <5 5 433 Sp
Tungsten-columbium-hafnium
CH-1 0.87 Cb - 0.35 Hf 5 <5 7 399 SP
CH-2 2.93 Cb - 0.42 Hf <2 <5 4 395 SP
Tungs ten-rhenium-hafnium
RH-1 2.95 Re - 0,37 Hf 7 <5 4 332 SP
RH-2 4.77 Re - 0,36 Hf S <5 6 333 SP
a

All ingots melted onto a retractable stool except where noted.

bSP, single phase; TP, two phase.
®Melted into a nonretractable deep mold.




-~ ALLOY FABRICATION CONDITIONS

Swaging

Swaging

Comments

temperature,| reduction,

oF

2300 to 2480

2550 to 2800
2800 to 3100
2850 to 3200

2600 to 2740

3260
2660 to 2850
3200 to 3250
3200 to 3300
3250 to 3300

2950 to 2980
3050 to 3100
2850 to 2950

2600 to 2800
2750 to 2950
3200

2600 to 2850
2800 to 3000
3200

2600 to 2830
2630 to 2810
2720 to 2880
2900 to 2980

2650 to 2820
3050 to 3160
3200 to 3300

2850 to 3000
3100

2650 to 2850
2750 to 2900

2850 to 2950
2870

TABLE IT.
Alloy|ExtrusionjReduction|Breakthrough
temper- ratio pressure,
ature, psi
om
Unalloyed tungsten
W-1 | 3600 l 8 I 81 500
Tungsten-carbon

c-1 3600 8 124 000

c-2 3600 8 133 000

C-~3 4000 8 98 000

Tungsten-columbium

CB-1 3500 I 8 ] 143 700
Tungsten~columbium-carbon

cc-1 4300 6 136 000

cc-2 3800 8 77 200

CC-3 4000 8 121 000

CC-4 4000 8 117 000

CC-5 4000 8 122 000
Tungsten~tantalum~carbon

TC~1 4000 8 128 700

TC-2 4000 8 172 800

TC-3 4000 8 114 000

Tungsten-hafnium

HE-1 3600 8 110 000

HF-2 4000 8 103 000

HF-3 4000 8 144 000

Tungsten-hafnium-carbon

HC-~1 4000 8 93 700

HC-2 4000 8 122 200

HC-3 4000 8 138 000
Tungsten-tantalum-rhenium

TR-1 4000 8 93 700

TR-2 4000 8 95 500

TR-3 4000 8 115 000

TR-4 4000 8 100 700

Tungsten-tantalum-rhenium-carbon

TRC-1 3870 g8 | -

TRC-2 3940 8 109 900

TRC-3 4100 8 114 100
Tungsten-tantalum-hafnium

TH-1 4000 8 99 000

TH-2 4000 8 120 000
Tungsten—columbiﬁm—hafnium

CH-1 4000 8 109 000

CH-2 4000 8 110 000
Tungsten-rhentium-hafnium

RH-1 4000 8 102 000

RH-2 4000 8 109 000

a
Extruded in 3-in.-diam molybdenum cans.
bExtruded in 2-in.-diam molybdenum cans.

percent

79

85
85
85

64
64
85

83
83
83

83
83
85

83
83
83
83

83
83
83

85
85

85
85

85
85
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aﬂzgieﬁagg Approximate rad, 0.20 The extrusions were then cut
aumsmrLélmmhL\ / ) "0 and swaged with the molybdenum can
64 \ " [ /Fgggﬁggiéﬁf intact, in most cases. This appar-
k l ’ ] ’ ently improved the fabricability,
- - 3 —- B since severe cracking was encoun-

1
[ B
st:qzasw—n ™ tered on some alloys where the can
103 ——] \\\ was removed prior to swaging. The
r Fairing must meet  bars were induction heated in

< —2.09 ™1 0.160 diam at :
point of tangency hydrogen and swaged approximately

with no undercut 1O percent per pass to the final
. size given in table II.
Figure 1. - Tensile and creep specimen. (All dimensions are in inches),

Complete details on the anneal-
ing and testing procedures are given in references 1 and 9. The tensile and
creep specimen designs were identical (fig. 1) and had a l-inch gage length and
a 0.16-inch gage diameter. Tensile tests were performed in a vacuum of less
than 5x10-° torr at a constant crosshead speed of 0.05 inch per minute. The
specimens were brought to temperature in approximately 1 hour and held at that
temperature for 30 minutes prior to testing. Creep testing was performed in a
beam-~loaded unit equipped with a vacuum furnace similar to that employed for

the tensile tests. The specimens were brought to temperature in l% to 2 hours

and held at that temperature an equal amount of time prior to testing. During
testing, the load was increased in steps so that the minimum creep rate could
be measured for several stresses on the same specimen. Comparison tests showed
that the creep rates measured in this manner are identical, within the limits
of experimental error, to those measured by a series of single-load tests at
3500° F. Temperatures were measured with a W/W—26 Re thermocouple tied to the
gage section. The thermocouple wire was calibrated by comparison with a cali-~
bratedooptical pyrometer under blackbody conditions and is believed accurate

to £15% F.

Specimens for light and electron microscopy were either mechanically or
electrolytically polished. The etchants employed included boiling 3-percent
hydrogen peroxide for the single-phase alloys and a lactic acid - hydrofluoric
acld - nitric acid mixture for the two-phase alloys. Replicas for electron
microscopy were made by a two-stage carbon-plastic technique shadowed with
uranium dioxide.

RESULTS
Consolidation and Fabrication

A comparison is made in table IIT of the metallic and interstitial impurity
analyses of a retractable-stool-melted ingot (W-l) with similar data on five
lots of deep-mold-melted tungsten from reference 9. It is seen that the
retractable-stool-melted material has a lower concentration of metallic impuri-
ties, while the interstitial impurities tend to be on the low side of the range
indicated for the deep-mold-melted materials. The retractable-stool-melted
materials are particularly lower in aluminum, iron, and silicon. This increase
in purity is reflected in the lower recrystallization temperature of the wrought

S



TABLE ITII. - COMPARISON OF METALLIC AND INTERSTITIAL
ANATYSES OF DEEP-MOLD AND RETRACTABLE-STOOL

ARC-MELTED UNALLOYED TUNGSTEN

Element Analyses®
Retractable stool Deep mold
(present study) |(range of five lots)
{(ref. 9)
Content, wt ppm
Carbon 4 4-9
Nitrogen 5 8-13
Oxygen 2 2-6
Aluminum ®yp < 1 2-20
Calcium ND <1 ND < 10
Chromium 1 ND < 5-7
Copper 5 1-5
Tron 3 5-60
Manganese ND < 1 WD <1
Molybdenum 5 15
Sodium ND < 1 ND < 10-20
Nickel ND <1 2-10
Silicon ND < 1 5-15
Tin ND <1 ND <5
Potassium ND <1 ND < 10-10

8pnalyses on retractable-stool and deep-mold-melted
tungsten obtained at different times from same
commercial analytical laboratory. Note improved
limits of detection in retractable-stool-melted
analysis.

bNot detected, less than value noted.

retractable-stool-melted materials. The latter material was 30 percent recrys-
tallized after a l-hour anneal at 2200° F, while similarly fabricated deep-
mold-melted material recrystallized to this extent in the temperature range

2600° to 2900° F (ref. 9).

An important parameter in the consolidation of arc-melted alloys is com-
positional control. With metallic additions, fairly consistent percentage
losses due to vaporization during melting are encountered. These may be com-
pensated for in the electrode composition. However, this is not the case with
carbon additions. Figure 2 is a plot of the parts per million by weight of
carbon added to an electrode against the amount retained in the ingot for
several binary and ternary tungsten-metal-carbon systems. The carbon was added
as spectrographic-grade graphite. The best retention was obtained for the
binary tungsten-carbon alloys, as shown by the solid I1ine. All the points for
the other systems fell to the right of this line and are indicative of poorer
retention of carbon during arc melting. This is attributed to the higher
oxygen contents, which are probably present in the electrodes containing tan-
talum, columbium, hafnium, or rhenium powders. This higher oxygen content
results in generally poorer compositional control in these materials compared

6



Alloys |

O Tungsten-carbon

O Tungsten-columbium-carbon

A Tungsten-tantalum-carbon

102t < Tungsten-tantalum-rhenium-
carbon

v Tungsten-hafnium-carbon

O Tungsten-rhenium-hafnium-

carbon
L
Binary tungsten-
c 102 carbon alloys —. 4
&
- '
£
=
<4
pt L
8
S 10!
100
101 102 103 104

Carbon added, ppm

Figure 2. - Retention of carbon in various arc-melted tungsten
alloy systems,

with the binary W-C alloys since the carbon monoxide formed can be easily
pumped off during melting.

These materials were canned in powder-metallurgy molybdenum prior to ex-
trusion and swaging. Although no quantitative data were obtained on the rela-
tive extrudability of canned and uncanned tungsten alloys, it was found previ-
ously that the carbide-strengthened alloys could be extruded only at 4800° F
when uncanned (ref. 1). 1In the present work, canned alloys of this type could
be easily extruded at 4000° F.

Ingot Microstructures

Table I gives data on the ingot microstructures and hardnesses. The solid-
solution-strengthened alloys were all single phase, and the only significant
feature of the microstructures was a coarse subgrain network in the large colum-
nar grains. The alloys containing greater than 0.01l5 to 0.04 atom percent C
(10 to 26 wt. ppm) were two phase; the second phase was presumsbly a metal
carbide. Figure 3 shows typical as-melted microstructures from four of the
carbon-containing alloy systems studied. The alloys in figure 3 have carbon
contents of 0.26 to 0.33 atom percent and a metal addition of either tantalum,
columbium, or hafnium. A binary W - 0.33 atom percent C alloy is included for
comparison. Alloys of W-C, W-Cb-C, and W-Ta-C had similar microstructures and
featured both grain boundary and globular intragranular particles. The W-Hf-C
alloy, however, had plate-like intragranular particles in addition to the grain-
boundary film. This may result from a limited interaction of the tantalum and

7
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Figure 3. - Representative photomicrographs of four arc-melted carbon-containing tungsten alloys. As-melted condition; etchant, mix-
ture of hydroftuoric, nitric, and lactic acids. X250. (Reduced 25 percent in printing.)

columbium with carbon and a strong interaction of hafnium with carbon resulting

in the formation of hafnium carbide.
hardnesses.

Differences also were seen in the ingot
The W - 0.20 atom percent Hf - 0.26 atom percent C alloy had a

hardness of 455 compared with the hardnesses of 385 to 413 for other carbon-

containing alloys under discussion.

Solid-Solution-Strengthened Alloys

High~temperature tensile data on solid-solution-strengthened alloys are

given in table IV.
W-Cb-Hf, and W-Re-Hf.
lized conditions.
was adopted for all the alloys.

These alloy systems included W-Hf, W-Ta-Re, W-Ta-HT,

Data were obtained in both the as-swaged and recrystal-
A standard recrystallization treatment of 3600° F for 1 hour
The strengths in all the conditions are com-

pared with average data on unalloyed arc-melted tungsten from reference 9.




TABLE

IV. - HIGH-TEMPERATURE TENSILE PROFPERTIES OF SOLID-SOLUTION ALLOYS

{Composition in atom percent]

(a) Tungsten-hafnium alloys

Annealing Temper-

conditlons ature,
OF

Time, | Temper-
hr ature,
oF

As-swaged 3000
3500
4000

1 3600 2500
3000
3500

As-swaged 2500
3000
3500
4000

1 3600 2500
3000
3500

As-gwaged 3000
4000

1 3600 2500
3000
3500

TR-1,

As-swaged 3000
3500
4000

1 3600 2500
3000
3500

1 4200 3500
TR-2,
As-swaged 3000
3500
4000
1 3600 2500
3000
3500
1 4200 3500
TR-3,
As-swaged 3000
3500
4000
1 3600 2500
3000
3500
1 4200 3500
TR-4,
As-swaged 3000
3500
4000
1 3600 2500

3000
3500

0.2 Percent |Ultimate| Elon- [Reductilon
offset tenslle |gation, |in area,
yleld stress, |percent| percent
stress, psi
psl
HF-1, W - 0.21 Hf
_________ 44.5x103 20 91
7.2x103  13.1 69 82
5. 9.3 81 88
20.6x103  |32,4x103 24 >98
--------- 23.7 28 93
7.39%x10% |13.5 75 >98
HF-2, W - 0.80 Hf
80.1x103  [83.9x103 15 84
59.4 63.2 19 82
14.1 22.2 71 74
9.6 11.8 74 49
19.0x103  |47.4x103 4l 87
18.5 33.9 57 87
12.4 21.0 80 86
HF-3, W - 1.70 Hf
50.3x103 |[81.0x103 28 78
13.2 15.1 (a) (a)
32,7x103  |63.4x103 32 82
25.3 44.9 (a) (a)
20.6 30.4 44 -
(b) Tungsten-tantalum-rhenium alloys
W - 0.98 Ta - 2.54 Re
44.2x103 |[45.8x103 15 72
15.3 18.2 41 47
7.3 9.3 80 90
23.1x103  [37.4x103 41 57
15.8 24.1 24 24
13.7 18.1 41 s1
8.8x103  [14.4x103 70 68
W~ 0.99 Ta - 4.70 Re
43.3x103  [47.0x103 o2 66
24.6 25.6 22 31
________ 8.8 80 71
26.6%x103 | 40,9%x103 26 28
13.8 23.0 20 18
10.4 15.2 36 28
9.1x103  |14.6x103 80 53
W~ 2.72 Ta - 2.56 Re
46.0x103  [48.1x103 20 55
25.3 25.9 11 21
7.9 9.9 56 39
27.3%x103  |45.3x103 49 76
. 27. 26 59
15.9 19.8 36 49
10.7x103  |16.5x103 30 34
W - 2.60 Ta - 4.20 Re
53.0x103 [54.7x103 26 84
38.9 23 78
12.0 39 37
57.4%x103 36 95
— - |e27.8 15 19
14.0x105 [19.1 71 85
12.3x10%  |18.2x103 50 43

1 4200 3500

(¢) Tungsten-tantalum-hafnium alloys

aFalled by splitting; no ductility values available.

Annealing
conditions
Time, | Temper-
hr ature,

OF
As-swaged
1 3600
1 4000

As-swaged

1 3600

1 4000
(d)

As-swaged

1 3600

1 4000

As-swaged
1 3600
1 4000

As-swaged
1 3600
1 4000

As-swaged
1 3600
1 4000

Temper-
ature,
op

0.2 Percent
offset
yield
stress,
psi

W - 0.88 Ta

48.1x103
10.8
8.3

16.7x103
14.8
11.1

8.7x103
W - 1.56 Ta

51.0%x103
14.1

19.3x103
17.6
13.7

Tungsten-columbium-hafnium alloys

CH-1,
3000
3500
4000
2500
3000
3500
3500
CH-2;

3000
4000

Tungsten-rhenium-hafnium all

RH-1,

3000
3500
4000

2500
3000
3500
3500
RH-2,
3000
3500
4000
2500
3000
3500

3500

W - 0.87 Cb

49,7x103
12.6
8.4

19.8x103
14.0
11.8

10.6x103
W - 2.93 Cb
42,7x103

24.0x10%

15.2

13.2x103

W - 2,95 Re

59,6x103
17.6

22,1%103
18.7
13.5

12.6
W - 4.77 Re
55.7x103

13.7

8.9
23.0%x103
19.0
13.1

Ultimate Elon- |Reduction
tensile cation, |1in area,
stress, percent| percent
psi
- W.31 Hf
52.0x103 22 88
18.3 72 83
10.8 63 81
38, 6x103 47 90
27.4 58 77
18.8 69 73
17.5x103 64 56
- 0.40 Hf
65.2x103 19 84
22,8 34 71
10.4 57 42
41.6x10% 49 92
33.7 41 66
21.9 61 40
21.1x103 53 52
- 0.35 Hf
51.6x103 23 84
19.2 91 77
10.8 67 49
40.0%x10% 48 94
28.0 55 77
18.9 67 64
17.7x103 61 49
- 0.42 Hf
14,8x10% 16 82
4. 42 32
54.3x105 34 89
35.7 60 78
24.2 49 57
21.6%x103 45 36
oys
- 0.37 HP
63.7x103 19 80
19.6 79 76
49, 0x105 54 91
53.1 70 90
18.6 54 66
19.3 89 68
- 0.36 Hf
62.6x10% 30 86
19. 77 62
10.4 65 42
51,7x103 45 95
33.4 60 90
18.8 76 59
20,7x103 87 56
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Figure 4, - Effect of hafnium on 2500° to 4000° F tensile strength of tungsten,

Figure 4 illustrates the effect of hafnium on the strength of tungsten at
25000 to 35000 F in the recrystallized condition and 3000° and 4000° F in the
as-swaged condition. The alloys tested at 40000 F recrystallized during heating
to the test temperature and thus can be considered to have been tested in the
recrystallized condition. Considerable strengthening was achieved with the
hafnium additions at all temperatures. For example, at 3000° F, the tensile
strength of alloy HF-3, W - 1.7 atom percent Hf, was nearly three times that
of unalloyed tungsten in the recrystallized condition. The as-swaged tensile
strengths of these alloys at 30000 F also increased with hafnium content,
reaching a value of 81 000 pounds per square inch at the 1.7 atom percent Hf
level. At 3500° F, the as-swaged tensile strength is similar to that of the
recrystallized material (see table IV) suggesting that the recrystallization
temperature for these materials is below 3500° F.

Tensile data for the W-Ta-Re ternary systems are given in table IV. An
important feature of this alloy system is the retention of cold work during
short-time tensile testing at 35000 F. For example, the tensile strength of
alloy TR-4 (W - 2.60 atom percent Ta - 4.20 atom percent Re) was 19 100 pounds
per square inch in the recrystallized condition and 38 900 pounds per square
ineh in the swaged condition. Similar but smaller differences between the
as=-swaged and recrystallized strengths were noted for the alloys TR-2Z and TR-3.
Metallographic examination of these alloys revealed wholly or partially cold-
worked microstructures after tensile testing at 35000 ¥. Full recrystalliza-
tion was noted, however, in all the as-swaged alloys after testing at 4000° F.

10




Ultimate tensile strength, psi

55x10°

50

35

30

25

20

10

4]

80

40

20

Estimated percent recrystallized

0

O TR-1 0.98Ta-~2.54Re
100- O TR-2 .99Ta-4.70Re
O TR-3 2.72Ta-2.56 Re

& TR-4 2.607Ta - 4.20 Re

Unalloyed arc- A{
melted tungsten
60[sheet (ref, Q)X

| T A R B | i
Alioy  Composition,
atom percent

R

77

AR
Ar@\ \{
MR

N,

2500

2600 2700 2800 2900 3000 3100 3200 3300 3400
1-Hour annealing temperature, °F
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The increased recrystallization tem-
peratures in the W-Ta-Re system were studied
further by annealing heavily worked sheet
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temperatures of 2200° to 3400° F. Figure 5

LA
//E L1 : is a plot of the percentage of the struc-

ture recrystallized ag a function of the
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terials. It is apparent that there is a
large increase in recrystallization temper-

T Solute  —| ature induced by tantalum and rhenium, with
éﬁ 4= O Tantalum — tantalum evidently having the largest
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1 The strengths of the alloys in other
T ternary systems, W-Ta-Hf, W-Cb-Hf, and

T W-Re-Hf, are given in table IV. The influ-
ence of tantalum, columbium, and rhenium
on the 25000 and 3500° F strength of re-
crystallized W - 0.37 atom percent Hf is
illustrated in figure 6. The hafnium
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F content represents the average hafnium

content in the three systems (range 0.31 to
0.42 atom percent Hf) and its strength was
interpolated from figure 4 (p. 10). Unlike
4 4 6 the W-Ta-Re alloys, these latter three al-

Solute content, atom percent

loy systems did not show any cold-work

Figure 6. - Effect of tantalum, rhenium, and colum- s O T . _
bium on tensile strength of nominal tungsten - strengthening at 3500° F; that is, the as

0.37 atom percent hafnium alloy at 2500° and 3500° f ~ Swaged and recrystallized tensile strengths

in recrystallized condition.

were nearly identical. The strongest alloy
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TABLE V. - CREEP OF SOLID-SOLUTION-STRENGTHENED ALIOYS AT 3500° F

[Composition in atom percent; all alloys annealed for 1 hr at 3600° F. ]

(a) Tungsten-hafnium alloys (b) Tungsten-tantalum-rhenium alloys
Stress, Minimum Stress, Minimum
psi creep rate, psi creep rate,
¢, sec-l ¢, sec™l
HF-1, W - 0.21 Hf TR-1, W - 0.98 Ta - 2.54 Re
3 060 1.1x1077 4440 4.1x10°7
3 700 2.5x10~7 5675 1.8x1076
4 470 6.5x107 6910 5x10-6
5 370 2.3x1076
6 380 6.5%x1076 TR-2, W - 0.99 Ta - 4.70 Re
7 400 1.5x10™°
3290 1.9x1077
HF-2, W - 0.80 HF 4140 7.4x10"7
4990 1.3x1076
4 260 1x10-7 5960 5%10-6
5 110 2.5%1077
6 075 6.8x1077 TR-3, W - 2.72 Ta - 2.56 Re
7 290 1.4x10°6
9 730 8.5x1076 8570 4.1%10~7
7800 5.7x10~6
HF-3, W -~ 1.70 Hf 9290 2X10°
6 320 1.5x10-7 TR-4, W - 2.60 Ta - 4.20 Re
7 580 3.1X10™7
9 100 6.5x107/ 5320 3.2x10°7
10 880 1.7x10-6 6430 7.7%x10°7
7670 2.7x10~6
9150 9.2x1076

(c) Tungsten-tantalum-hafnium alloys

(d) Tungsten-rhenium-hafnium alloy

Stress, Minimum
psi creep rate,
g, gec—L Stress, Minimum
psi creep rate,
TH-1, W - 0.88 Ta - 0.3l Hf ¢, sect
4 360 1.5x10"7 RH-2, W - 4.77 Re - 0.36 HF
5 570 3.3x10"7
6 790 8.9x107/ 5610 5.8x10"7
8 000 1.3x1076 6710 1.2x10-6
9 450 7.3x10-6 8050 4X10~
10 900 2.1X10°° 9510 1.2x10°5

TH-2, W - 1.56 Ta - 0.40 Hf

5 025 1.1x1077
6 185 1.8x1077
7 500 5.8x10~7
10 600 5.1x1076

11 860 1.3x10™°
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Figure 7. - Creep behavior of solid-solution strengthened alloys at 3500° F (compositions in atom percent).
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in this series was alloy CH-2, W - 2.93 atom percent Cb - 0.42 atom percent HT,
which had a strength of 24 200 pounds per square inch in the recrystallized
condition at 35000 F. In addition, it is noted from figure 6 that tantalum
and columbium are similar strengtheners at 35000 F.

Step-load creep tests were performed on several of the alloys in this
series. The results are presented in table V and plotted in figure 7. Includ-
ed for comparison are data obtained on unalloyed tungsten. All the creep tests
were performed at 35000 F on material annealed for 1 hour at 3600° F.

For the majority of the alloys, the relation between the minimum (steady
state) creep rate and stress was logarithmic, that is, of the form

€ = kg

where ¢é is the minimum creep rate, o dis the applied stress, and k and n
are constants. A least-squares analysis of the curves in figure 7 produced
values of n ranging from 4.4 to 11.2, with the majority of the values falling
between 5 and 6. There was no consistent dependence of n on alloy content.
These values may be compared with the value of 5.8 for unalloyed arc-melted tung-
sten (ref. 9). Only in the case of the W-Ta-Hf alloys (fig. 7(d)) did this
empirical relation not hold. For these alloys, a bend in the plot was noted

at a minimum creep rate of approximately 10-6 per second.

The same general order of strengthening found in the tensile tests was
evidenced in the creep tests with hafnium additions being the most effective

and rhenium the leasgt effective.

In reference 1, it was suggested that the alloying elements can also
strengthen to some degree by interaction with unintentionally added intersti-
tial impurities. This effect was examined in creep by testing alloy CB-1
(W - 2.25 atom percent Cb) at 35000 F after three different annealing treat-
ments designed to alter the extent of this interaction. The treatments were

(1) 4000° F for 1 hour, slow cooled (approximately 12° F/min)
(2) 4000° F for 1 hour, helium quenched (approximately 500° F/sec)
(3) 3600° F for 1 hour, normal furnace cooled (approximately 200° F/min)

The results are given in table VI and plotted in figure 8. As shown in fig-
ure 8, there is a difference in the creep rate at a given stress for each con-
dition. Of the two specimens annealed at 4£000° F, the highest creep strengthl
was obtained on the helium-quenched material. The creep strength for this
material was approximately 5400 pounds per square inch, while that of the slowly
cooled specimen was 4800 pounds per square inch. Thus, the faster cooling rate
produces the higher creep strength. Metallographic examination of these speci-
mens annealed at 40000 F showed a glcbular precipitate at the grain boundaries

lCreep strength will be defined throughout as the interpolated stress at a
minimum creep rate of 1076 sec-l,
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TABLE VI. - EFFECT OF HEAT TREATMENT ON CREEP
PROPERTTES OF ALLOY CB-1; TUNGSTEN - Annealed 1 hr at T
3600° F, norma cooled-]
2,25 ATOM PERCENT COLUMBIUM AN T
. N [y
Stress, Minimum 105 ___Annealed 1 hr at N
PSlL creep rate, ———4000°F, slow cooled—, / ‘7/
¢, sec™t y IS é }/
g AN
Annealed 1 hr at 4000° Fj; slow cooled i N
B — o e W-1, 100W
4310 4.9x10~"7 B Y /
5270 1.7%x1076 g
6210 6.3x1076 5
7420 2.9x107° E
1=
Annealed 1 hr at 4000° F; helium quenched é
4480 3.9x10°7 107 / T
4980 6.5x10~7 / / =
5720 1.2x10-6 / N .
6470 2.4x10-6 ' / TCAnnealed Lhr ]
T at 4000° F, ]
Annealed 1 hr at 3600° F; normal cooled ~—helium quenched —
3660 1.3x1077
4150 2.3x10~7
5610 1.2x10-6
6340 2.6x10"6
7200 5.8x10-8
8050 1.2x107° 1077
: 2 4 6 8~ 10x10°
Stress, psi

Figure 8. - Creep of alloy CB-1, tungsten - 2. 25 atom per-
cent columbium, at 3500° F after three different anneal-
ing treatments.

of the slowly cooled material, but none in the quenched specimen. The oxygen
and carbon contents were nearly identical, although reliable nitrogen analyses
were not available. The creep strength of the material annealed at 36000 F was
approximately the same as that of condition (2).

Carbide-Strengthened Alloys
The influence of carbon additions on the high-temperature strength of
unalloyed tungsten and W-Cb, W-Ta, W-Ta-Re, and W-Hf alloys was studied. The
tensile data are presented in table VII and plotted as a function of test tem-
perature in figures 9 to 13.

Figure 9 illustrates the effect of temperature on the strength of binary
tungsten-carbon alloys containing 0.12 to 0.93 atom percent C. It is of
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TABLE VII. - TENSILF PROPEK:IkS OF CARBIDE-STREL #1HENKD ALLOYS

(a) Tungsten-carbon alloys

{Composition in atom percent.]

Annealing Temper- |0.2 Percent |Ultlmate| Elon- [Reduction
conditions ature, offset tensile |gation, [in area,
OF yield atress, |percent| percent
Time, {Temper- stress, psi
hr ature, psi
OF
c-1, W- 0,12 ¢
As-swaged 3000 22.0x103 23.3x103 30 >98
4000 1.6 6.55 a7 >98
1 3600 2500 9.5%x10%  [19.7x103 69 >98
3000 7.2 12.5 76 >98
3500 3.0 7.4 76 >98
Cc-2, W~ 0.33 C
As-swaged 3000 60.6x105  [69.3x103 14 75
3500 9.8 16.2 70 >98
1 3600 2500 10,4x103  |20.6x103 67 >98
3000 6.2 15.0 57 >98
3500 4.6 2.2 66 >28
c-3, W~ 0.93 C
As-swaged 3000 59.,1x103 61.8x103 24 86
3500 7.2 11.1 71 >98
4000 3.8 6.91 92 >98
1 3600 2500 16.6x103  [29.6%103 73 >98
3000 11.3 18.4 63 >98
3500 6.6 10.0 75 >9e
(b} Tungsten-tantalur-carbor alloys
TC-1, W - 1.32 Ta - 0.044 C
As-swaged 3500 7.5x10%  |15.0x103 50 >98
1 3600 3500 8.5x103  |14.9x103 71 94
1 4200 3500 7.8 15.4 77 5
TC-2, W - 2.67 Ta - 0.04 C
1 3600 | 3500 I 12.4%103 l21.6x103| 69 | 95
TC-3, W~ 0.43 Ta - 0.31 C
As-swaged 3000 75.0x103  [84.0x103 20 68
3500 11.0 16.6 72 >98
4000 3.4 8.2 88 >98
1 3600 2500 19.2x10%  [48.7x203 51 90
3000 17.3 32.7 68 93
3500 10.4 16.5 106 >98
{c) Tungsten-colu~biurm-carbon alloys
CC-1, W - 1.92 Ck - 0.00u C
As-swaged 3000 3v,3x103  [43.0x103 3 39
3500 13.3 1€.4 43 E
1 3690 2500 29.3x105  |36,x10% 2 9
3000 17.0 21.1 - -
3500 7.3 12.% 28 3
4000 6.1 8.2 93 >38
1 4200 3000 10.6x103  }20.5%103 58 94
3500 8.3 14.2 69 91
CC-2, W - 1.53 Cb - 0.008 C
As-swaged 2500 55.5x103 65.9%x105 13 91
3000 46.5 47.9 18 91
3500 10.0 16.5 77 >o8
4000 6.2 8.9 53 43
1 3600 2500 22.6x103  |35.2x10% 46 >9u
3000 10.1 25.5 49 >36
3500 8.3 13.5 59 58
CC-3, W ~ 0.51 Cb - 0.29 ¢
1 3600 2500 20.5710% 2, 2x103 40 %2
3500 16.1 20. & 61 >a-
CC-4, W ~ 0.44 Cb - 0.%4 C
1 3600 2500 33,0x10%  [65.0x103 33 3C
3000 22.6 43.3 57 as
3500 15.2 0.5 56 >34
CC-5, W - 0.75 Cb - 0.24 C
1 3600 2500 35.9%103  [73.1x103 27 90
3000 28,7 5.8 —— >38
3500 15.1 1.8 75 >98

(a) Tungsten-tantelur-rhenium-carbon-alloys

Annealing Temper-; 0.2 Percent| Ultimate| Elon- [Reduction
conditions ature, offset tensile |gation,|in area,
OoF yield stress, {percent| percent
Time, | Temper- stress, psl
hr ature, psl
OF
TRC-1, W - 0.91 Ta - 2.53 Re - 0.005 C
As-swaged 3000 42.1x103 | 43,9x103] 22 76
3500 8.4 14.9 50 42
4000 6.5 8.6 82 81
1 3600 2500 20.3x103 | 38.3%105| -- -
3000 17.1 26.0 40 56
3500 10.3 15.4 68 60
1 4200 3500 8.6+10% |14.0 80 80
TRC-2, W - 1.00 Ta - 2,86 Re - 0.20 C
As-swaged 3000 63,4x105 | 66.8x103 20 75
3500 12.0 14,7 67 >95
2000 6.1 B -- ——
1 3600 2500 27.4x103 | 66.3x103| 37 82
3000 25.0 37.6 62 73
3500 12.3 17.4 70 >98
TRC-3, W ~ 0.97 Ta - 2,62 Re - 0.92 C
As-swaged 3000 70.1x103 | 85.3x103| 17 59
3500 20.4 25.7 71 90
4000 9.4 12.8 45 >38
1 3600 2500 45,0x10% [ 80.5x103] 41 80
3000 31.0 57.2 56 8¢
3500 15.9 23,2 67 90
1 4200 3500 16,7x103 | 22,7x103] 51 72
(e) Tungsten-hafniur-carbon alloys
HC-1, W - 0.26 Hf - 0.015 C
As-suaged 2500 68.3x105 | 82,2x103 15 85
3000 59.3 62.0 5 &6
3500 17.0 18.4 82 >38
4000 7.2 10.0 86 82
1 3600 2500 2.0x103 [ 47.6x103| 29 91
3000 21.5 32.0 - .
3500 10.3 13,0 76 81
HC-2, W - 0.52 Hf - 0.09 C
As-swaged 3000 58.7x10% | 66.6x103 20 86
1 3672 2000 34.0x103 [ p.1x103| 27 >
3000 2.8 0.5 31 87
35,00 21.3 26.6 52 81
300 | mmmeeeos 27.3 50 90
4000 12.2x10% | 14.7 5 64
HC-3, W - 0.{0 Hf - 0.25 C
As-swaged 3000 50.4x105 | 8&.2%x103 16 85
500 £7.1 62.5 17 83
4200 3500 28.6x105 | 3u.6x103] 30 &6
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Figure 9. - Tensile properties of tungsten-carbon alloys {compositions in
atom percent).

particular interest to note that the strength of the W - 0.1z and W - 0.33

atom percent C alloys in the recrystallized condition was lower than that of
unalloyed tungsten, while the W - 0.93 atom percent C alloy was stronger. This
reduction in high-temperature strength by the carbon additions occurs in spite
of the considerable amount of carbide precipitate found in these materials, as
will be illustrated later.

Figure 10 shows the strength of a W-Ta-C alloy as a function of temper-
ature. Data at 3500° F on two additional W-Ta-C alloys are given in table VII.
The alloy TC-3 had a particularly high strength, 84 100 pounds per square inch,
in the swaged condition at 3000° F. The strength of this alloy, however, de-
creased sharply to 16 600 pounds per square inch at 3500° F.

The strengths of the W-Cb-C alloys shown in figure 11 could be divided

into two groups: CC-1 and CC-2 containing 0.005 and 0.008 atom percent C,
respectively, and CC-3, CC-4, and CC-5, which contained 0.24 to 0.84 atom
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percent C. In the recrystallized condition, low carbon alloys were slightly
stronger than unalloyed tungsten, while the high carbon alloys had strengths
approximately 170 to 200 percent higher than those of unalloyed tungsten at all

temperatures.

Figure 12 shows the influence of carbon on the strength of a nominal
W - l-atom-percent Ta - 3 atom percent Re alloy. The strength of these alloys
increased continuously with increasing carbon content, both in the swaged and
recrystallized conditions. Alloy TRC-3, W - 0.97 atom percent Ta - 2.62 atom
percent Re - 0.92 atom percent C, had a strength of 85 300 pounds per square
inch at 3000° F in the swaged condition, the strength decreasing to 25 700
pounds per square inch at 35000 F. This is not as large a drop in strength as
that found in the W-Ta-C alloy, shown in figure 10, even though the strengths
at 3000° F were nearly identical.

The highest strengths obtained in the carbon containing alloy systems were
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any other recrystallized material
tested in this program.

(a) As-swaged.

Ultimate tensile strength, psi
g
S
w

Figure 13. - Tensile properties of tungsten-hafnium-carbon alloys (com-
positions in atom percent).

Creep strengths for these alloys at 35000 F are given in figure 14 and
tabulated in table VIII. In general, the relative tensile strengths of the
alloys were also reflected in the creep strengths. The creep strength of the
binary W-C alloys was nearly the same or lower than that of unalloyed tungsten
(fig. 14(a)). The W-Cb-C alloys had approximately the same degree of strength
improvement as in the tensile tests (fig. 11). Creep strengths of the W-Ta-C
alloys shown in figure 14(c), depended more on tantalum content than carbon
content. For example, the creep strength of TC-2, W - 2.67 atom percent
Ta - 0.04 atom percent C, was 6400 pounds per square inch, while that of TC-3,
W - 0.43 atom percent Ta - 0.3l atom percent C, was 3800 pounds per square inch.
Data for two W-Hf-C alloys are given in figure 14(d). The creep strength at
35000 F of recrystallized HC-3, W - 0.20 atom percent Hf - 0.26 atom percent C,
was 8000 pounds per square inch compared with 6400 pounds per square inch for
HC-2, W - 0.43 atom percent Hf - 0.07 atom percent C. The ratio of these two
values is nearly the same as the ratio of the recrystallized tensile strengths
of these alloys at this temperature, as indicated previously in figure 13.
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TABLE VIII. - CREEP OF CARBIDE-STRENGTHENED ALLOYS AT 3500° F

[Composition in atom percent; all alloys
annealed for 1 hr at 3600° F.]

(a) Tungsten-carbon alloys

Stress, Minimum
psi creep rate,
&, see~l

C-1, W - 0.12 C

2480 2.4x10-7
3150 1x10-6
3720 2.7x10~6
4470 8.1x10-6

C-2, W - 0.33 C

2875 2.4x10™7
3590 8.8x10" 7
4320 2.6x10°6
5390 6.9x107°
5990 1.7x107°

¢-3, W - 0.93 C

2850 3.2x1077
3500 1x10-6
4270 2.9x10~6
5050 5.7%x10-6
6085 3.2x10~°

(c) Tungsten-tantalum-carbon alloys

Stress, Minimum
psi creep rate,
2, secl

TC-1, W - 1.32 Ta -~ 0.044 C

4620 5.2x10-7
5130 8.3%x10"7
5630 1.4x10-6

6420 2.9x10-6

TC-2, W - 2.67 Ta - 0.04 C

5660 4.6x1077
6270 8.9x10~"
6760 1.9x10~6

TC-3, W ~ 0.43 Ta - 0.31 C

3420 6.4x10"7
4150 1.9x10-6
5010 4.6x10"8
5990 1.4x107°

(b) Tungsten-columbium-carbon alloys

Stress,
psi

Minimum
creep rate,
&, secl

cc-2, W - 1.

53 Cb - 0.008 C

5560
8700
8000

6.3x107
6.1x10"6
2.3%107°

CC-3, W - 0.5] Cb - 0.29C

5185
5960
6740

3.3x10°6
5.7x107°
1.5%10™°

CC-5, W - 0.75 Cb - 0.24 C

4190
4970

5.3%1077
2.7%x10-6

(d) Tungsten-hafnium-carbon alloys

Stress,
psi

Minimum
creep rate,
&, sec”

HC-2, W - 0.43 Hf - 0.07 C

6140
1370

7%10~7
2.3x10°8

HC-3, W - 0.20 Hf - 0.26 C

6630
7950

2.1x10=7
1.1x10°8

9550

5x10-6
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(a} Alloy CB-2; tungsten - 1.53 atom percent columbium. {b) Alloy C-2; tungsten - 0.33 atom percent carbon.

- AL FEIN

(c) Alloy CC-3; tungsten - 0.51 atom percent columbium - 0.29 (d) Alloy TC-3; tungsten - 0.43 atom percent tantalum - 0.31
atom percent carbon. atom percent carbon.

T,

(e) Alloy HC-3; tungsten - 0.20 atom percent hafnium - 0.26 atom
percent carbon annealed at 4200° F for 4 hours. (Note lack of
large carbides which were present in alloys in figs 15(b) to (d).)
X250.

Figure 15. - Photomicrographs of carbide-strengthened alloys showing carbide distribution in (a) single-phase tungsten-columbium
alloy, (b) tungsten-carbon alloy, (c) tungsten-columbium-carbon alloy, (d) tungsten-tantalum-carbon alloy, and (e) tungsten-
hafnium - carbon alloy. All materials annealed at 3600° F for 1 hour. X250. (Reduced 25 percent in printing.)




a) Annealed 1 hour at 3600° F. X29 250.

(b} Annealed 1 hour at 4000° F, X29 250.

C~65-3475

{c) Annealed 1 hour at 4200° F. %45 000.

Figure 16. - Photomicrographs of carbide dispersion in tungsten - 0.20
atom percent hafnium - 0,26 atom percent carbon. (Reduced 55 percent
in printing.)

Metallography of Carbide-
Strengthened Alloys

Metallographic studies were
conducted on all the 3500° F tensile
specimens of the W-Cb-C, W-C, W-Ta-C,
and W-~Hf-C alloys. The examinations
were made on the undeformed button-
heads of specimens that had been an-
nealed for 1 hour at 3600° I prior
to testing.

Figure 15(a) is typical of
single-phase alloys. The specimen
shows some etch pitting but is devoid
of second-phase particles. The car-
bide structures in the W-C, W-Cb-C,
and W-Ta-C alloys, shown in fig-
ures 15(b) to (d), represent similar
carbon contents. A feature of these
alloys was relatively coarse carbide
size, with the particles tending to
be alined in the working direction.
Figure 15(e) illustrates the micro-
structure of alloy HC-3, W - 0.20
atom percent Hf - 0.26 atom percent C
after annealing for 4 hours at 4200° F
and tensile testing at 3500° F. The
grains are more elongated than those
of the W-C, W-Cb-C, and W-Ta-C alloys
in figures 15(b) to (d), and no car-
bide precipitates were observed at
this magnification in spite of the
fact that coarse carbides were ob-
served in the as-melted condition
(fig. 3(d), p. 8). These carbides
were apparently dissolved into solid
solution during processing.

In view of the differences in the
light microscopy results between the
W-Hf-C alloys and the other carbon
containing alloys, replica electron
microscopy studies also were conducted
on the W-Hf-C alloy. ©Sections of
swaged rod from alloy HC-3 were an-
nealed at 3600°, 3800°, 4000°, and
4200° F for 1 hour and furnace cooled.
The percent recrystallized was esti-
mated for each specimen. The W - 0.20
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atom percent Hf -~ 0.26 atom percent C alloy was only 50 percent recrystallized
at 4200° F, while the unalloyed tungsten lot, W-1, attained this degree of re-

crystallization at 2300° F.

Electron microscopy results are shown in figure 16. A fine intragranular
dispersion of carbide particles (presumsbly HfC or a complex W-Hf carbide)
was observed with an occasional trace of coarser precipitation at the grain
boundaries (fig. 16(b)). The carbide particle size ranged from approximately
0.05 to 0.2 micron, and no dependence of the carbide particle size on annealing
temperature was observed, with the exception of a trace of additional grain-
boundary precipitate in the materials annealed at 4200° F. As will be discussed
in detail later, the fine carbide particle size in the W-Hf-C alloys probably
accounts for the superior strengths of these alloys.

Low-Temperature Tensile Properties of Binary Tungsten-Carbon Alloys

The high-temperature tensile data on the binary W-C alloys were unusual
in that little or no strengthening was achleved in spite of the presence of a
carbide precipitate. The low-temperature tensile properties of these alloys
were also studied near the ductile-brittle transition temperature to see if
this behavior 1s consistent over the entire temperature range.

Figure 17 illustrates the low-temperature yield strength and percent elon-
gation as a function of temperature for the binary W-C alloys and unalloyed
tungsten. The strengths plotted for the W-C alloys are the lower yield
strengths, as all the alloys yielded discontinucusly. The data for unalloyed
tungsten, W-1, includes both tensile and compressive proportional limits, as no
yield points were observed.

The interesting results in figure 17 are that (1) the yield strengths of
the W-C alloys increased continuously with carbon content in the temperature
range 400° to 800° F, (2) the temperature dependence of the yield strength for
the binary W-C alloys was greater than that for unalloyed tungsten, and (3) a
measurable amount of ductility was cbserved at 400° F and the extrapolated
ductility-temperature curves intersected the temperature axis at 150° to 200© F
lower than that of unalloyed tungsten (the so-called "nil-ductility point",
ref. 10). This effect on ductility is in sharp contrast to a previous inves-
tigation of the influence of carbon on the transition temperature of tungsten
(ref. 11), where it was shown that carbon induced a sharp transition from
ductile to brittle behavior and increased the nil-ductility temperature of

tungsten.
DISCUSSION
Solid-Solution-Strengthened Alloys
The ultimate tensile strength of binary tungsten alloys at 2500° to

3500° F is plotted as a function of composition in figure 18. Included are
data from references 1 and 12 in addition to the new results obtained for the
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Figure 17. - Low-temperature tensile behavior of recrystallized tungsten-
carbon alloys (compositions in atom percent).

W-Hf alloys in the present work. The curves drawn through the points represent
fits on the data according to the relation

a02+a + a_ = c

1l u 20u 3
where o, 1is the ultimate tensile strength, c 1is the solute concentration in
atom percent and a;, a,, and az are constants. No great importance should
be attached to the functional form of this equation as it was chosen only for
convenience in calculating slopes of the curves and for interpolation. At
2500° to 3500° F, hafnium has the greatest strengthening effect in tungsten.
Columbium, tantalum, and rhenium are progressively less effective. At 25000 F,
the columbium and rhenium points fall on the same curve, and at 3500° F, the
data for tantalum and columbium also scatter about one curve. The tantalum
data are not shown at 3500° F for clarity; reference 1 may be consulted for
details. Data at 4000° F were available only for hafnium and rhenium additions
(not shown) and the same order of effectiveness prevailed.

25



26

Ultimate tensile strength, psi

r 3 o H’afni'um
70x10 A Columbium —
/ O Rhenium ]
)j Open symbols denote present work
60 / Solid symbols denote data of ref. 1|
- Half-filled symbols denote data of —]
/Hafnium ref. 12
50 ﬁ |
A
40 -
/‘/‘ Rhenium, columbium
Iy
30 I# ,AL/
/ » T O
20‘/
10 -
0
(a) 2500° F.
50x10° Co
Hafnium
a0 /
P L P S
30 Columbium = LG
4/ ///
"
? | ®—TRhenium
20 4;§
10
0
{b) 3000° F.
40x10%7
30 )3/ Hafnium
/|
y
2 ~l7d .
/ Columbium I
e T
10
0 1 2 3 4 5 6 7 8
Solute content, atom percent
(c) 3500" F.
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Stress at minimum creep rate of 106 sec'l, psi
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The creep strengths for these
binary systems at 3500° F are plot-
ted against solute content in fig-
ure 19. The creep strengths are
the stresses at a minimum creep
rate of 1076 per second from the
present work and references 1 and
12. The same order of effective-
ness is apparent in the creep data
as was observed in the tensile
data. The curves in figure 19 are
not fits of the functional relation
used for the tensile data, but are
approximated.

The tensile data for the bina-
ry alloys can also be utilized to
predict the strength of the ternary
alloys. It is a common conclusion
that the solid-solution-alloying
elements contribute the same incre-
ment of strength to a ternary as
they do to a binary alloy (ref. 13).
To test this for tungsten alloys,
the increments of strengthening
from the binary alloy data in fig-
ure 18 were calculated for each of
the solutes in the W-Cb-Hf, W-Ta-Hf,
W-~Ta-Re, and W-Re-Hf ternary alloys.
These increments were then added
to the average strength for unal-
loyed tungsten at the temperature
of interest. Figure 20 compares
the calculated and experimental
strengths for alloys annealed at
2600° F. The agreement with the
assumption of additive strengthen-
ing is good especially when con-
sidering that no corrections were
made for variations in grain size
or interstitial contents among the
alloys.

In order to understand the
mechanisms by which the various sol-
utes strengthen, the deformation
mechanisms at elevated temperatures
should be considered. Strain hard-
ening in body-centered~cubic met-
als is thought to be related to the
formation of Jjogs on screw dis-
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locations by the interaction of dislocations on two intersecting slip planes
(ref. 14). As the jogs move, they produce vacancies that act as a drag on the
motion of the screw dislocations. However, the excess number of mechanically
produced vacancles may promote climb of the edge segments of the dislocation
networks. Such processes constitute "dynamic recovery" and as such reduce the
rate of work hardening and consequently the elevated-temperature strength.

Alloying mey increase the strength by decreasing either the jog or vacancy
mobility. The motion of jogs may be impeded by solute atoms segregating to
their stress field (ref. 15). Solute atoms and vacancies may also be strongly
bound to one another (ref. 16). As a consequence, vacancies may tend to ex-
change places more often with solute than solvent atoms, which results in a
lower self-diffusion rate since the vacancies are bound to the solute atoms
and do not aid in solvent self-diffusion.

The strength of the binding between solute atoms and jogs or vacancies
would be expected to depend on the difference in atom size between the solvent
and solute (refs. 15 and 16). In reference 1, a qualitative correlation was
made between the relative strengthening effect and this difference. In the
present work, a more guantitative correlation was attempted by plotting the
slopes of the strength-composition curves in figure 18 against the percent
difference in atomic radius. Figure 21 illustrates this correlation. The log-
log plot shown does indicate a definite atom size effect and provides support
for the mechanisms outlined previously, although no estimation of the relative
importance of solute-jog or sclute-vacancy interactions can be deduced.

Strengthening of Carbon and Boron in Tungsten

Elevated-temperature tensile data have been obtained on both the W-C (see
fig. 9, p. 17) and W-B systems (ref. 17). Carbon has been shown to exist as
an interstitial in tungsten (ref. 18), while it has been proposed that boron
may exist simultaneously as a substitutional and interstitial (ref. 19). A
comparison of the strength data for both systems was made to examine whether or
not the difference in the type of solid solution formed could have any influence
on the elevated-temperature strength.

Figure 22 shows the effect of both carbon and boron on the ultimate tensile
strength of tungsten at 25000 and 3500° F. Carbon additions up to at least
0.3 atom percent decreased the strength, while in contrast, boron produced a
rapid initial increase in strength followed by a leveling off at higher boron
contents. The same trends were observed at 3000° and 4000° F. It is believed
that these differences between the W-C and W-B alloys reflect the previously
mentioned differences in the type of solid solution formed. The initial
strengthening by boron additions has been examined previously by the present
authors who concluded that the magnitude of the initial slope of the strength-
composition curve fit well with the concept of a simultaneous interstitial-
substitutional solid solution with the balance tending toward substitutional
(ref. 17). 1In contrast, carbon additions apparently weaken by promoting an
increase in the self-diffusion rate of tungsten. This behavior has been pre-
viously noted for carbon additions to gamma iron (refs. 20 and 21). The in-
crease in the self-diffusion rate has been suggested to result from the carbon
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atoms increasing the vacancy mobility due to the lattice distortions associated
with the interstitial solid solution (ref. 21).

Carbide-Strengthened Alloys

The increase in strength conferred by carbon additions to W-Hf, W-Cb, W-Ta,
and W-Ta-Re alloys will now be considered. As shown earlier, carbon additions
to W~-Hf alloys produced the greatest increases in both the strength of recrys-
tallized alloys and in the retention of cold work at elevated temperatures.

The relative strengthening effects of carbon on these alloys may be com-
pared in the following manner. First, the strength of the alloy without the
carbon addition is interpolated from the curves in figure 18. This value is

then subtracted from the strength of the

20103 — I alloy under consideration to give an incre-
Alloy system | ment in strength due to the carbon addition.
2 O Unalloyed-tungsten —| Figure 23 is a plot of this strengthening
O Tungsten-hafnium | increment as a function of carbon content
@:infnfmgﬁﬁm for alloys tested at 35000 F. The data
ungsten-tantalum _| .
18 o hm&hn%mmmm- may be seen to fa%l into three groups.
rhenium = First, carbon additions to unalloyed tung-

sten result in an initial decrease in
strength (which was discussed previously)
followed by an increase in strength and a

16 |

14 / subsequent leveling off at higher carbon
/ contents. In contrast, carbon additions
12 to W-Hf alloys produced a rapid increase

in strength, while the data for W-Cb, W-Ta,
and W-Ta-Re alloys showed a less rapid in-
crease. The data for the latter alloys
showed a great deal of scatter and are
represented by a broad band.

10

Change in strength, psi

These relative strengthening effects
may be correlated qualitatively with the
carbide particle size. The finest particle
sizes were observed in the W-Hf-C alloys,
as illustrated in figure 16(p. 23). In

contrast, the carbides in the other systems
were coarse and usually oriented in the
0 — 5 swaging direction (fig. 15, p. 22). The
| 0T | fine particles in the W-Hf-C alloys appar-
{:X; - ently are most effective in stabilizing
d/ the dislocation substructure formed during
] deformation. This is also evident in the
46_J 2 y 6 8 Lo 12 high resistance to recrystallization ex-
Carbon, atom percent hibited by these alloys.
Figure 23. - Change in strength due fo carbon addi-
tions to unalloyed tungsten and several tungsten The coarse precipitates, however, con-
alloy systems at 3500° . tribute equally well to the strength at
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TABLE IX. - TENSILE STRENGTHS OF AS-SWAGED CARBIDE-

STRENGTHENED ALLOYS AT 3000° AND 35000 F

Alloy, Test temperature, COF
atom percent —

3000 3500

As-swaged strength, psi

W~ 0.97 Ta - 2.62 Re - 0.92 C 85 300 25 700
W - 0.43 Ta - 0.31 C 84 100 16 600
W - 0.20 Hf - 0.26 C , 88 200 62 500

3000° F and lower, as the fine precipitates. For example, the strengths of
three carbide-strengthened alloys are compared in the swaged condition in
table IX. The strengths at 30000 F for all the alloys are nearly equal while
at 3500° F, the strengths vary from 16 600 to 62 500 pounds per square inch.
This reflects largely the stability of the cold-worked structure. The first
two alloys recrystallized during testing at 3500° F, while the W-Hf-C alloy
retained its cold-worked structure.

In creep, the fine particle sizes in the W-Hf-C alloys did not appear to
produce as high strengths as found in some of the solid-solution-strengthened
alloys. For example, the creep strength of recrystallized HC-3, W - 0.20 atom
percent HF - 0.26 atom percent C was 8000 pounds per sguare inch at 3500° F,
while alloys HF-3, W - 1.7 atom percent Hf, and TH-2, W - 1.56 atom percent
Ta - 0.40 atom percent Hf had strengths of 10 000 and 8300 pounds per square
inch, respectively, in spite of the W-Hf-C alloy having a higher tensile
strength at this temperature.

Iimited studies were conducted on the compositions of the carbides phase
in these alloys. Particles extracted from alloy CC-3, W - 0.51 atom percent
Cb - 0.29 atom percent C, were identified by X-ray diffraction as WoC.  The
position of the lines was shifted slightly, indicating a slight expansion of
the WgoC lattice possibly by dissolved columbium. Similar results were noted
for a similar alloy in reference 1. TIdentification of the carbides in the
other alloys could not be made because of experimental difficulties in extract-
ing the particles from the matrix. The similar morphology of the carbides in
the W-C, W-Cb-C, and W-Ta-C alloys, however, suggested that these were WoC
also. The carbides in the wrought W-Hf-C alloys had consistently finer parti-
cle sizes and were of a different morphology in the ingot than carbides in the
alloys Jjust described. It is believed that these carbides are HfC or a complex
tungsten-hafnium carbide.

The compositions of carbides formed in tungsten alloy systems can be es-
timated from consideration of free-energy data. Figure 24 shows the temper-
ature dependence of the standard free energy of formation of some refractory
carbides. The data for CbC, TaC, and HfC are calculated in reference 22, while
the data for W,C are calculated from references 23 and 24. It is seen from
figure 24 that the stability of WpC increases with increasing temperature, and
precipitates formed in tungsten alloys containing carbon and a weak carbide

31



Ultimate tensile strength, psi

0
2 10
=
&
= I
g _ ¢
- 20 |~
B ~
£
5 o che I T
5 TaC o
= I LI -
&
s
g -40
= . HIC | L
~50L
1500 2000 2500 3000 3500 4000
Temperature, °F
Figure 24. - Standard free energies of formation for se-
lected refractory carbides.
R R
120x103— Composition, atom percent Condition  Source __|
® W-0.20Hf-0.26C As-swaged Present __|
W W-17Hf As-swaged work
110 O W-183Ta-20.7 Mo Recrystallized Ref, 2 —]
OW-29Re-26Cb-0.32C Recrystallized ------ _
A W-0.56Hf-0.35C As-extruded Ref. 5
100 — v W-0.35Hf-0.25C As-extruded Ref. 5 —
O W-19.2Cb-0.26Zr - 2,63C As-extruded Ref, 3 _ |
O W-22,1Cb-0.93V~-1.63C As-extruded Ref, 3

90
N

AN
70 \ \\

60

50 \ U
a0—1 i\ \\\\ éé\\ \
T NN N
R
20 \]

10—
2500

-

/u

pd

/
/

.
§§\\ \\
ﬁ\‘w

4250

{L

3250 3500 3750 4000 4500

Temperature, °F

2750 3000

Figure 25. - Comparison of strongest alloys in present work with alloys
from literature.

32

former, such as columbium or tan-
talum, should be predominantly

WoC. In contrast, the estimated
free energy of formation of HfC

is larger than that of any of the
other carbides. Thus, tungsten
alloys containing hafnium and
carbon should contain predominantly
HfC.

Effects of Carbon on Low-
Temperature Tensile
Properties

The decreases produced in the
"nil-duetility" temperature of
tungsten by carbon additions in
the range 0.12 to 0.93 atom per-
cent were unexpected in light of
previous investigations of the
W-C system (ref. 11). In these
previous alloys, the majority of
the carbide precipitate was pre-
sent at the grain boundaries,
while in the present alloys, the
major fraction of the carbide was
stringered in the working direction
and only a small amount was pre-
sent in the grain boundaries. No
explangtion for the decreased
transition temperature conferred
by carbon additions is presently
available.

Practical Considerations

It is of interest to compare
the properties of the most prom-
ising alloys investigated in this
program and those in the litera-
ture. Figure 25 shows the temper-
sture dependence of the ultimate
tensile strength for several arc-
melted tungsten alloys. It is
interesting to note that some of
the strougest tungsten alloys
produced to date are in the W-HT



and W-Hf-C systems. The data of reference 5 show that high strengths may be
retained to temperatures as high as 4500° F with W-Hf-C alloys of the same type
studied in the present work. In solid-solution-strengthened systems, the

W - 1.7 atom percent Hf alloy from the present study was nearly identical in
strength at 3500° to 4000° F to a W - 18.3-atom percent Ta - 20.7 atom percent
Mo alloy from reference 2. The latter alloy had to be centrifugally cast to
prevent ingot cracking, while the W - 1.7 atom percent Hf material from the
present work could be successfully melted by more conventional techniques.

Thus it appears that future tungsten alloys for long-time use above 2500° F
will very likely include alloys in the W-Hf and W-Hf-C systems. The possibility
of employing dilute rhenium additions to these alloys to promote room temperature
ductility is an additional factor that should be studied.

CONCLUSIONS

The following conclusions are drawn from this study on solution-strengthened
and carbide-strengthened tungsten alloys consolidated by arc-melting:

1. The most effective solid-solution strengthener in tungsten of those
evaluated in this study is hafnium. Rhenium is the least effective. The same
order holds in creep as in tension.

2. The relative solid-solution-strengthening effects could be correlated
with the difference in atom size between tungsten and the solute atom.

3. The strengths of ternary solid solution alloys could be represented as
the sum of the individual effects found in the binary alloys at 2500° to 3500° F.
Tungsten-tantalum-rhenium alloys showed greatly enhanced resistance to recrys-
tallization at 3500° F.

4, Carbon additions to tungsten-columbium, tungsten-tantalum, tungsten-
tantalum-rhenium, and tungsten-hafnium alloys produced various degrees of
strengthening. The greatest strengthening was found in the ‘tungsten-hafnium-
carbon system. The strongest alloy, tungsten -~ 0.20 atom percent hafnium - 0.26
atom percent carbon, had strengths of 88 200 and 62 500 pounds per square inch
in the worked condition at 3000° and 3500° F, respectively. The differences in
strength between the various carbide-strengthened alloys were related to differ-
encesg in carbide particle size., The particle size in the tungsten-hafnium-
carbon alloys was the finest, on the order of 0.05 to 0.20 micron.

5. Carbon additions to unalloyed tungsten at 25000 to 4000° F produced a
minimum in the strength - carbon-content curve. This behavior may be caused by
an increase in the self-diffusion rate of tungsten caused by carbon. The nil-
ductility transition temperature of tungsten was decreased by carbon additions
in the range 0.12 to 0.93 atom percent.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 3, 1965.
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